A terahertz shaping system based on optical fiber components as opposed to traditional free-space solutions is proposed. It is based on the time-domain modulation of the optical source spectrum. Standard singlemode fiber distributes and disperses the pulse before filtering its spectral components by means of the cross-gain and cross-phase modulation effects taking place in an interferometric semiconductor optical amplifier structure. Experimental measurements are obtained, showing the tunability of the system as well as its reconfigurability.
Introduction
Submillimeter radiation shows a great potential in a wide range of fields from imaging and material identification to biology and communications [1] . However the generation and detection in this frequency band remains difficult. Electronic commercial solutions are available up to a few hundreds of GHz while quantum-cascade lasers (QCLs) [2] are suitable for frequencies over 1 THz although cryogenic operation prevents wide application.
Photonic schemes require an optical source but they are easy to operate, more flexible and able to cover most of the THz gap. Among the different photonic solutions, such as periodically poled lithium niobate (PPLN) [3] , electro-optic sampling using different crystals [4] or Cherenkov radiation [5] , photoconductive antennas (PCAs) [6] are widely employed. PCAs, usually fed by Ti:Sapphire lasers, are key components in THz time-domain spectroscopy (THz-TDS) systems. Recently new commercial PCA designs with lower energy gaps that can be excited with 1.5 μm light have reached the market [7] . Therefore cheaper optical sources developed for the telecommunication industry can be employed as well as other devices like Erbium-doped fiber amplifiers (EDFAs), electro-optic modulators (EOMs), semiconductor optical amplifiers (SOAs) and single-mode and specialty optical fibers for signal distribution and processing.
The processing of ultra-short optical pulses has been extensively studied due to its applicability in different areas [8] . Most of the proposed solutions are based on the direct control of the optical spectrum of the pulses. Typically, the different components are spatially separated using diffractive elements as gratings, before a phase/amplitude spatial modulation is applied on the different spectral components by means of phase masks [9] , reconfigurable metallic structures [10] or spatial light modulators [11] . The latter provides much more flexibility enabling the implementation of quasi-arbitrary waveforms. However free-space components are susceptible of misalignment, long-term stability problems and result in bulky systems. On the other hand, the recent increase in the performance of THz sources excited with 1.5 µm sources [12, 13] motivates research for fiber-based processing of ultra-short pulses with applicability to the THz band. Recently, a technique based on the optical heterodyning of a time-stretched ultra-short optical pulse with its delayed replica to generate narrow-band THz radiation [14] has been demonstrated using fiber-based components [15] . Despite of its good performance and simplicity, the bandwidth of the generated radiation is related to its central frequency, limiting the flexibility of the system. Another approach which has been applied to the microwave range relies on the time-domain modulation of the optical spectrum, obtaining high time-bandwidth products and providing accurate control over the generated waveforms [16] . In this architecture optical fiber is employed as the dispersive medium and EOMs shape the time-decomposed spectrum. Thus the performance of the setup is limited by the stretched pulse duration and the modulator speed, which rarely exceeds a few tens of GHz.
SOAs have been traditionally employed for applications requiring short time responses like optical switching [17] . Particularly, multiple quantum well (MQW) optical amplifiers show short-term amplitude and phase dynamics below the ps [18] , which makes them suitable for most ultrafast applications.
The generation of certain terahertz waveforms to concentrate the radiation into a given frequency band locally raises the energy density and therefore increases the dynamic range of the system at those frequencies [19] . In this work an all-fiber all-optical dynamicallycontrolled THz pulse shaper is proposed and demonstrated. It is based on processing the optical source in a SOA Mach-Zehnder interferometer (SOA-MZI). The different spectral components are shaped in the time domain employing the cross-gain (XGM) and cross-phase modulation (XPM) effects taking place in the SOA-MZI. Experimental measurements have been performed validating the feasibility of the technique as well as the tunability of the THz central frequency and its bandwidth.
Principle of operation
The proposed technique is based on shaping the spectrum of a pulsed source by changing the interference conditions of an SOA-MZI in which the time-stretched pulses have been injected. Thanks to the fast response of this structure it is possible to separately modulate the different spectral components. Figure 1 (a) shows the schematic of the SOA-MZI as well as the interference experienced by an optical pulse entering the structure. The optical pulse is injected into both SOAs by means of several integrated optical couplers. Pulses in both branches of the interferometer are amplified by their respective SOA experiencing amplitude and spectral phase changes according to the bias current injected to the amplifiers. The output stage is symmetric with respect to the input and combines the pulses. Constructive or destructive interference occurs for the phase conditions shown.
Consider the scenario of Fig. 1(b ). An optical pulse to be shaped is linearly chirped and injected into the SOA-MZI. An optical waveform used to control the shaping of the previous pulse counter-propagates through the upper SOA. Assuming that the shaping waveform is a single optical pulse with a duration much shorter than the recovery time of SOA 1 , rec τ , and that the gain response of SOA 1 follows a negative exponential as in [20] , the electrical fields at the output of the SOAs are given by 2) is for the π phase shift introduced by the optical couplers in SOA 2 with respect to SOA 1 . The electrical fields combine by means of the output couplers of the MZI structure and an optical power at the output of the system proportional to
is obtained. . Thus, the chirped pulse is suppressed. However, the arrival at t = 0 of a pulse with enough energy to reduce the carrier density of SOA 1 will temporarily change its gain and phase profiles through the XGM α and XPM ϕ parameters, putting the system out of the destructive state and impressing variations onto the chirped pulse (i.e. performing an all-optical pulse shaper at the output of port 4). The transform-limited version of the shaped spectrum is obtained after compensating for the initial chirp. Figure 2 shows the THz-TDS architecture. Gaussian-shaped optical pulses are generated in a femtosecond fiber-laser (fs-FL) with an average power of 5 dBm at a 50 MHz repetition rate and an estimated full-width at half maximum (FWHM) duration of 100 fs. These pulses are time-stretched by means of 4.16 km of dispersion compensation fiber (DCF) with a dispersion parameter (D) of −100 ps/km·nm and a dispersion slope (S) of 0.08 ps/km·nm 2 . Thus, the pulses suffer a total dispersion (D T ) of −416 ps/nm with a slope of 0.33 ps/nm 2 . By using DCF as the dispersive medium, with a much higher dispersion parameter to that of standard single-mode fiber (SSMF) and a similar dispersion slope, the influence of the dispersion slope on the system performance becomes low enough to be neglected.
Experimental results
A polarization controller (PC) is included at the input of the SOA-MZI to account for the polarization dependence of the interferometric structure. The SOA-MZI, manufactured by CIP, comprises two identical bulk SOAs and a set of optical couplers with a 3 dB splitting ratio to form an interferometer. A transmission-line model technique was applied to model the SOAs according to [21] .The length of both SOAs is 500 μm with a linewidth enhancement factor of 8, a noise figure of 8 dB, a confinement factor of 0.3 and a spontaneous emission factor of 1.5. The transparency current is estimated to be 17 mA and the unsaturated fiber-tofiber gain is 13 dB. Carrier lifetimes of 1 ns and 300 ps were measured under 100 and 250 mA biasing, respectively.
The optical waveform used to control the SOA-MZI (shaping waveform) is derived from the same source than the pulses to be shaped. In this case a fiber Mach-Zehnder interferometer (MZI) was implemented using an optical delay line (ODL) to introduce a delay difference between its arms of τ ODL and select two spectral bands of the chirped pulse. SSMF with a length of L was included for pulse widening. Since two bands are filtered a train of pulses with repetition frequency f rep is obtained after compensation for the initial chirp. Its value is related to the different parameters of the system as follows.
The effect of the dispersion slope has been neglected due to its low influence. Regarding the temporal response of the SOA-MZI structure, for shaping waveforms much shorter than the gain recovery time of the SOAs the bandwidth of the filtered bands is given by the recovery time of the SOA while for longer ones the filtered bands approximately follow the shaping waveform. From now on the variable τ system is used for the FWHM duration of the system response to an arbitrary shaping pulse width. The FWHM bandwidth of the filtered spectrum υ Δ can be expressed as 
According to Eqs. (3)-(5) and the different parameters of our system, a train of pulses with a repetition frequency of 0.3τ ODL (ps) GHz and an approximated envelope duration of 1.67/τ system (ps) ns for a TBP of 0.5 is obtained at the output of the SOA-MZI structure. The bandwidth of the generated THz radiation is expected to follow 0.3τ system (ps) GHz.
The traces included in Fig. 3 were obtained in a digital communication analyzer with 30 GHz bandwidth and correspond to the points shown in Fig. 1(b) . Trace 1 is for the chirped pulse at the input of the SOA-MZI while trace 2 is the shaping waveform. Trace 3 shows the XGM effect induced by the carrier saturation arising from the shaping waveform injection in the upper SOA. Traces 4a and 4b are for the SOA-MZI output without and with the shaping signal being injected, respectively. For the latter, the combined effect of XGM and XPM can be seen [20] . A slight asymmetry in the biasing currents was observed to provide a better extinction ratio for the spectral filtering. Indeed, the optimum SOAs biasing currents were found to be 110 and 100 mA for the upper and lower, respectively. After the SOA-MZI the pulse is dispersion compensated by means of 25 km of SSMF with a dispersion parameter of 16.7 ps/km·nm. Due to the need of time alignment between the transmitter and receiver branches of the THz-TDS system, compensating for possible sources of error in both branches turns out to be important. We experimentally observed how the initial difference in fiber length between the transmitter and receiver branches led to time fluctuations of the THz pulse in the order of hundreds of ps. This occurs because of fiber expansion and contraction due to temperature changes. To solve this problem the optical pulses of both transmitter and receiver pulse must travel similar distances. This is done by the use of optical couplers (OC), optical circulators (OCIR) and isolators (ISO). The 1x2 OCs employed in the system had a coupling ratio of 50/50 and a directivity of 50 dB. The insertion losses of the OCs, ISOs and OCIRs were 0.5, 0.7 and 1 dB, respectively. The ISOs and the OCIRs provided isolation larger than 40 dB. The OCIRs showed both directivity (signal from port 1 to 3) and return loss higher than 50 dB. According to these values both signal paths could be considered independent as confirmed by the experimental measurements.
A motorized optical delay line (MODL) is employed to sweep the THz traces in 100 fs steps and EDFAs to boost the optical signals into the mW range before feeding the 1.5 µm PCAs. Lock-in detection after 10 6 V/A of trans-impedance amplification (TIA) is employed to record the electric field. The transmitter antenna is square biased from −10 to + 10 V at a frequency (f mod ) of 1 kHz.
Before injecting the shaped pulse into the THz system, autocorrelation traces are obtained. The central frequency and its bandwidth are controlled by means of the MZI delay and the fiber length, respectively. In Fig. 4(a) the duration of the envelope does not change because the fiber length is kept constant and the pulse train duration is directly related to the bandwidth of the filtered spectral bands. Trains of pulses with a repetition period of 2.7, 1.64 and 1.05 ps are obtained for increasing values of τ ODL according to Eq. (3). In Fig. 4(b) a set of different values for L is considered for the same τ ODL . Fiber reels of 1, 2 and 5 km widened the optical pulses up to 200 ps, 400 ps and 1 ns, respectively, and biasing currents of 300 mA were used for the SOAs.
For comparison purposes, the THz-TDS system of Fig. 2 is tested without applying any shaping to the signal (by switching off the upper SOA). The estimated FWHM of the pulses applied to both PCAs is 300 fs, with an average power of 10 dBm and 5 dBm in the transmitter and receiver, respectively. Recovery of the original pulse duration was not possible since only the second-order dispersion was compensated. Figure 5 shows the THz trace recorded as well as its Fourier transform.
Finally, the narrowband THz-TDS system is tested in different frequency bands. Figure 6 shows the different THz waveforms and their corresponding spectra. In Fig. 6(a) , as well as in Fig. 5(a) , a low frequency component appears as an increasing current slope after the pulse train which is thought to originate from impedance mismatching in the antenna. In Fig. 6 (b) narrowband radiation with central frequencies of 300, 550 and 700 GHz can be seen. After showing the tunability of the system the THz radiation bandwidth is controlled by changing the amount of fiber in the shaping stage, L. THz waveforms as well as their spectra are included in Fig. 7 where τ ODL is kept constant and the narrowing of the spectrum as the fiber length decreases can be appreciated. Low-frequency components arising from beating among components of the same spectral band are reduced for narrower THz bandwidths as shown in Fig. 7 . Optical switches can be employed to select among different fiber reels. In this case the amount of fiber in the shaping stage is used to control the width of the THz radiation, although other approaches could be considered. Phase modulation has been reported to be able to compensate for the dispersion of a fiber link [21] . Therefore it could be employed to dynamically change the radiation bandwidth by increasing or reducing the accumulated dispersion. The SOA dynamics could also be controlled through its bias current or by adding a low wavelength component which would change the response time of the SOA and therefore the selected bands' bandwidth [20] .
Conclusions
An all-optical fiber based THz pulse shaping scheme based on the optical modulation of the spectrum of ultra-short pulses is proposed and demonstrated. It allows for both tunability and reconfigurability of the emitted radiation through independent system parameters as opposed to previous solutions. Additionally, since it is an all-fiber approach, compact and robust instruments can be implemented. The precision of the modulation of the pulse spectrum is given by the recovery time of the SOA and the amount of dispersion that can be introduced onto the signal. High performance could be obtained through a large linear chirping of the signal and fast SOAs, although the introduction of non-linear dispersion could make the generation process more difficult due to the effect of the non-linear mapping of the spectrum in the time domain. The experimental measurements performed agree well with the theoretical analysis performed and prove the feasibility of dynamic THz processing systems able to concentrate the radiated energy in the spectral region of interest. Although the measurements performed show simple pulse shapes the proposed technique could provide arbitrary pulse shaping by using state-of-the-art SOAs.
